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ABSTRACT
We present the morphology and stellar population of 27 extremely metal poor galaxies (EMPGs) at
z ∼ 0 with metallicities of 0.01−0.1 Z. We conduct multi-component surface brightness (SB) profile
fitting for the deep Subaru/HSC i-band images of the EMPGs with the Galfit software, carefully
removing the SB contributions of potential associated galaxies (PAGs). We find that the EMPGs
with a median stellar mass of log(M∗/M) = 5.77 have a median Se´rsic index of n = 1.08 and a
median effective radius of re = 176 pc, suggesting that typical EMPGs are very compact disk galaxies.
We compare the EMPGs with z ∼ 6 galaxies and local galaxies on the size-mass (re–M∗) diagram,
and identify that the majority of the EMPGs have a re–M∗ relation similar to z ∼ 0 star-forming
galaxies rather than z ∼ 6 galaxies. Not every EMPG is a local analog of high-z young galaxies in
the re–M∗ relation. We also study the PAGs of our galaxies, and find that 23 out of the 27 EMPGs
show detectable PAGs within the projected distance of 10 kpc. The PAGs have median values of
n = 0.93, re = 1.41 kpc, and log(M∗/M) = 7.47 that are similar to those of local dwarf irregulars
and ultra-diffuse galaxies. A spectrum of one EMPG-PAG system, so far available, indicates that the
PAG is dynamically related to the EMPG with a median velocity difference of ∆V = 96.1 km s−1.
This moderately-large ∆V cannot be explained by the dynamics of the PAG, but likely by the infall
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on the PAG. EMPGs may form in infalling gas, and become part of PAG disks undergoing further
metal enrichment.
Keywords: galaxies: formation — galaxies: structure — galaxies: star formation — galaxies: dwarf —
galaxies: kinematics and dynamics
1. INTRODUCTION
The early universe is dominated by metal-poor galax-
ies. Studying local extremely metal-poor galaxies
(EMPGs) helps understand early galaxy formation.
EMPGs are defined as galaxies with metallicities less
than 12 + log(O/H) = 7.69 (e.g., Kunth & O¨stlin 2000;
Izotov et al. 2012; Guseva et al. 2017), which corre-
sponds to 10% of the solar metallicity of 12+log(O/H) =
8.69 (Asplund et al. 2009). By observing local EMPGs,
we can probe star-formation activities in the metal-
deficient environment. Although EMPGs become rarer
toward lower redshifts (< 0.2% of all galaxies at z ∼ 0;
Morales-Luis et al. 2011), recent studies show the pres-
ence of EMPGs in the local universe such as J0811+4730
(Izotov et al. 2018), SBS0335-052 (Izotov et al. 2009),
AGC198691 (Hirschauer et al. 2016), J1234+3901 (Izo-
tov et al. 2019), Little Cub (Hsyu et al. 2017), DDO68
(Pustilnik et al. 2005), IZw18 (Izotov & Thuan 1998),
and Leo P (Skillman et al. 2013). These local EMPGs
show low stellar masses (M∗ ∼ 106 − 109 M) and
high specific star-formation rates (sSFR ∼ 10 − 100
Gyr−1), which are similar to those of high-z young
galaxies (Christensen et al. 2012a; Christensen et al.
2012b; Stark et al. 2014; Stark et al. 2015; Vanzella et al.
2017; Mainali et al. 2017). Thus, EMPGs are sometimes
expected to be local analogs of high-z young galaxies.
High-z young galaxies are known to be compact. Ow-
ing to magnification by the lensing effects, Bouwens
et al. (2017) and Kikuchihara et al. (2019) report that
z = 6 − 8 galaxies with stellar masses of M∗ = 106 −
109 M have effective radii of re ∼ 100 pc. Shibuya
et al. (2015) present that re values of galaxies decrease
toward higher redshifts. Although Sa´nchez Almeida
et al. (2015) show that the full-width-half-maximum
(FWHM) size of tadpole-like EMPGs is ∼ 200 pc, there
are few studies to measure re of EMPGs. We thus aim
to reveal whether EMPGs have effective radii similar to
those of high-z young galaxies.
Sa´nchez Almeida et al. (2016) (hereafter S16) have
reported that more than half of EMPGs are potentially
associated with a diffuse structure. Thus, in the mea-
surement of effective radii of EMPGs, the diffuse struc-
ture should be taken into account. Relations between
EMPGs and the diffuse structure need to be studied.
Sa´nchez Almeida et al. (2015) suggest that EMPGs and
the diffuse structures correspond to star-forming clumps
and their host galaxies, respectively. However, Sa´nchez
Almeida et al. (2015) also show that EMPGs have metal-
licites ∼ 1 dex lower than that of the diffuse structure.
The result implies that the EMPGs may have formed
in the metal-poor inter-galactic medium (IGM). Conse-
quently, the EMPGs and the diffuse structures may be
separate individual galaxies. Because we do not know
whether the diffuse structure is an external, associated
galaxy or a host galaxy of the EMPG, we refer to the
diffuse structure as a potential associated galaxy (PAG),
hereafter.
In this study, we use the EMPG sample made by
Kojima et al. (2019) (hereafter Paper I). Paper I se-
lects EMPGs from Hyper Supreme-Cam Subaru Strate-
gic Program (HSC-SSP) data (Aihara et al. 2019;
HSC instruments: Miyazaki et al. 2018; CCD camera:
Komiyama et al. 2018; filter: Kawanomoto et al. 2018;
QA system: Furusawa et al. 2018). We also utilize the
EMPGs reported by S16 crossmatched with the HSC-
SSP catalog. Because HSC-SSP data are advantageous
in terms of deep photometry (5σ ilimit ∼ 26 mag) and
good seeing size (FWHM ∼ 0.6 arcsec in the i-band;
Aihara et al. 2019), we can precisely measure the size of
EMPGs and PAGs.
This paper is organized as follows. We present the
EMPG sample (Paper I) in Section 2. We describe data
analyses in Section 3. The results are shown in Section 4.
We discuss the nature of EMPGs in Section 5. Section 6
summarizes our findings. Throughout this paper, mag-
nitudes are in the AB system (Oke & Gunn 1983), and
we assume a standard ΛCDM cosmology with parame-
ters of (Ωm, ΩΛ, H0) = (0.3, 0.7, 70 km s
−1 Mpc−1).
In this cosmology, an angular dimension of 1.0 arcsec
corresponds to a physical length of 504 pc at z = 0.025.
The definition of the solar metallicity Z is given by
12+log(O/H)=8.69 (Asplund et al. 2009).
2. DATA AND SAMPLES
In Sections 2.1 and 2.2, we describe our imaging data
and EMPG sample, respectively, that we use for our
study.
2.1. HSC-SSP Imaging Data
We utilize the HSC-SSP S18A imaging data that
were taken with 5 broadband filters, grizy, in 2014
March−2018 January (Aihara et al. 2019). In the HSC
Morphology, Stellar Population, and Dynamics of EMPGs 3
Figure 1. HSC gri-composite images of ALL EMPGs (Section 2.2). The HSC g, r, and i-bands correspond to blue, green, and
red colors in the figure, respectively. Each EMPG is located at the center of each panel. The cut-out size is 30” × 40”. The
arrows indicate the PAGs. Some of S16 EMPGs do not look blue because of the difference of redshifts and SFRs.
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S18A imaging data, the effective area and the i-band
limiting magnitude are ∼ 500 deg2 (Paper I) and ∼ 26
mag (for point sources, Ono et al. 2018), respectively.
Because the HSC y-band image is ∼ 1 mag shallower
than the other broadband images, we do not use the
HSC y-band data but 4 broadband (griz) data for our
analysis.
2.2. Paper I EMPGs
We use a catalog of EMPG candidates made by Paper
I. The EMPG catalog is developed with the HSC-SSP
S17A and S18A data (Aihara et al. 2019) that are wide
and deep enough to search for rare and faint EMPGs.
The EMPGs are selected from ∼ 46 million sources
whose photometric measurements are brighter than 5σ
limiting magnitudes in all of the 4 broadbands, g < 26.5,
r < 26.0, i < 25.8, and z < 25.2 mag (Ono et al. 2018).
The catalog consisting of these sources is referred to as
the HSC source catalog.
With the HSC source catalog, Paper I isolates EMPGs
from contaminants such as other types of galaxies,
Galactic stars, and quasars. Paper I aims to find
galaxies at z . 0.03 with EW0(Hα) > 800 A˚ and
12 + log (O/H) = 6.69 − 7.69. Because it is difficult to
distinguish EMPGs from the contaminants on 2-color
diagrams such as r − i vs. g − r, Paper I constructs a
machine-learning classifier based on a deep neural net-
work (DNN) with a training data set. The training
data set is composed of mock photometric measure-
ments for model spectra of EMPGs and the contami-
nants. The DNN allows us to isolate EMPGs from the
contaminants with non-linear boundaries in the multi-
dimensional color space. Paper I finally obtains 27
EMPG candidates from the HSC source catalog. Paper
I conducts spectroscopic follow-up observations for 4 out
of the 27 EMPG candidates, and confirm that all of the 4
EMPG candidates are truly emission-line galaxies with
the low metallicity of 12 + log (O/H) = 6.92− 8.27 (i.e.,
1.7−38% Z). Because 2 out of the 4 EMPG candidates
meet the EMPG criterion of 12 + log (O/H) < 7.69 (i.e.,
< 10% Z), Paper I concludes that these 2 candidates
are quantitatively confirmed as EMPGs. There remain 2
(= 4−2) spectroscopically confirmed EMPG candidates
with 12 + log (O/H) = 7.72 − 8.27 (i.e., 11 − 38% Z).
One of the 2 EMPG candidates shows the low metal-
licity of 12 + log (O/H) = 7.72 (i.e., 11% Z), almost
meeting the EMPG criterion of 12 + log (O/H) < 7.69
(i.e., < 10% Z). The other EMPG candidate shows
the moderately low metallicity of 12 + log (O/H) = 8.27
(i.e., 38% Z), falling in the regime of metal-poor galax-
ies (MPGs). Thus the candidate is referred to as MPG,
hereafter. There remain 23 (= 27−4) EMPG candidates
that are not spectroscopically confirmed. We obtain 3
(12) objects with spectra (no spectra) whose re values
are successfully measured (Section 3.2). We thus refer to
the 3 EMPGs with < 11% Z and the 12 EMPG candi-
dates with no spectra as Paper I spectroscopic EMPGs
and Paper I photometric EMPGs, respectively (see Fig-
ure 1). Hereafter we refer to the 15 objects as Paper
I EMPGs. Redshifts of Paper I spectroscopic EMPGs
are z = 0.02 − 0.03 (Paper I). We assume z = 0.025
for Paper I photometric EMPGs because of the survey
volume.
2.3. S16 Spectroscopic EMPGs
For the completeness of results, we also utilize a cat-
alog of EMPGs made by S16. S16 select EMPGs in
the full set of 788677 galaxy spectra at z < 0.25 from
the Sloan Digital Sky Survey (SDSS) Data Release 7.
S16 aim to find galaxies showing a high line ratio of
[O iii]λ4363/[O iii]λλ4959, 5007, which is an indicator
of gas with high electron temperature. Because met-
als are main coolants of gas (e.g., Pagel et al. 1979),
low-metallicity gas should exhibit higher temperatures.
Using the automated classification algorithm, k-means
(e.g., Sa´nchez Almeida et al. 2010), S16 narrow down
the large data set of the SDSS galaxy spectra according
to the spectral shape in the range of λ = 4200 − 5200
A˚, which contains [O iii]λ4363, [O iii]λ4959, and [O
iii]λ5007 lines. After the classification, S16 obtain 1281
EMPG candidates. S16 calculate metallicities of the
1281 candidates to identify that 196 out of the candi-
dates meet the low metallicities of 2 − 10% Z, which
meet the EMPG criterion. In order to evaluate re pre-
cisely in the same manner as Paper I EMPGs, we utilize
13 out of the 196 EMPGs that have griz-band data in
the HSC-SSP S18A data release. We obtain 12 EMPGs
whose re values are successfully measured. Hereafter we
refer to the 12 EMPGs as S16 spectroscopic EMPGs (see
Figure 1).
2.4. ALL EMPGs
We analyze both Paper I EMPGs and S16 spectro-
scopic EMPGs because we expect that the two different
samples of EMPGs fall in different mass ranges, which
means that we can investigate properties of EMPGs in
a wide mass range. Paper I shows that M∗ of Paper I
spectroscopic EMPGs are 105 − 106 M, which is the
low-mass end of the EMPGs of S16. We refer to the
sum of Paper I EMPGs and S16 spectroscopic EMPGs
as ALL EMPGs (see Figure 1). Metallicities of ALL
EMPGs are 0.01− 0.1 Z.
3. ANALYSIS
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Figure 2. Examples of multi-component SB profile fitting. The left, middle, and right panels indicate the original images, the
best-fit model images, and the residual (= original− best-fit model) images, respectively.
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Figure 3. SED fitting result of KS1. The red circles, the
solid black lines, and the blue crosses represent the observed
photometric measurements, the best-fit spectrum, and the
photometric measurements of the best-fit spectrum, respec-
tively.
In Section 3.1, we report morphologies of ALL
EMPGs. We present effective radii, stellar masses, and
star formation rates (SFRs) of the EMPGs in Sections
3.2, 3.3, and 3.4, respectively.
3.1. Morphology
Figure 1 presents the HSC gri-composite images of
ALL EMPGs. We find that most of the EMPGs have
PAGs. Here we define the PAG as a galaxy brighter
than the 5σ limiting magnitude of the HSC i-band (25.8
mag) within 10 kpc from the EMPG. After conducting
multi-component surface brightness (SB) profile fitting
(Section 3.2), we find that 23 out of the 27 EMPGs have
PAGs. We measure sizes and stellar masses of the PAGs
in the same manner as the EMPGs.
3.2. Size Measurement
We measure the galaxy size with the HSC i-band im-
ages. One of the reasons is that the i-band imaging data
allow us to trace the spatial distribution of the stellar
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Figure 4. Schematic image describing how to estimate
f(Hα) of Paper I photometric EMPGs. The bold circles
of blue, green, red, and magenta represent the observed flux
densities of HSC g, r, i, and z bands, respectively. The
dotted green circle indicates the flux density of the r-band
continuum fr,cont estimated by the linear extrapolation from
fi,tot and fz,tot. The gradational line illustrates the linear
extrapolation.
continuum because the i-band measurements are less af-
fected by strong emission lines such as Hα and [O iii].
Another reason is that the median seeing of the HSC i-
band images (FWHM ∼ 0.56 arcsec) is also smaller than
that of the other four HSC broadband images (Aihara
et al. 2019). We fit a Se´rsic profile to the SB profile of
each EMPG. The Se´rsic profile can be written as
I(r, n) = Ieexp
[
−κ(n)
{(
r
re
)1/n
− 1
}]
, (1)
where re and n represent the effective radius and the
Se´rsic index, respectively. The function, κ(n), is the
implicit function that satisfies Γ(2n) = 2γ(2n;κ(n)),
where Γ and γ are the gamma function and the incom-
plete gamma function, respectively (Graham & Driver
2005). The Se´rsic profiles with n = 1 and n = 4 are
generally obtained from the disk and elliptical galaxies,
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Figure 5. Normalized histogram of the stellar masses of
Paper I EMPGs (black), S16 spectroscopic EMPGs (gray)
and ALL EMPGs (red). The number of EMPGs in each
bin (N) is normalized by the total number of each sample
(Ntot). For the presentation purpose, we slightly shift the
histogram horizontally. The black, gray, and red filled circles
with error bars indicate median stellar masses of Paper I
EMPGs (log(M∗/M) = 5.31), S16 spectroscopic EMPGs
(log(M∗/M) = 7.47), and ALL EMPGs (log(M∗/M) =
5.77) with the range of ±68% distributions, respectively.
respectively. Because most of the EMPGs have PAGs
(Section 3.1), we utilize the multi-component SB profile
fitting code, Galfit (Peng 2010), to derive re and n of
the EMPGs (and the PAGs simultaneously).
Here we explain the procedure of our SB profile fitting.
First, we fit the SB profiles of first single Se´rsic profiles to
those of the EMPGs by the χ2 minimization technique.
The code Galfit can convolve the model functions with
a point spread function (PSF), which is supplied by the
HSC-SSP data release. We obtain best-fit models and
residual images. The residual images are obtained by
subtracting the best-fit model from an original image. If
there remain no obvious sources in the residual images,
we complete the fitting of the EMPG with the best-fit
model. If there exist clear sources in the residual images,
we execute two-component Se´rsic profile fitting1. Phys-
ical properties of the first and the second Se´rsic profiles
are regarded as those of the EMPGs and PAGs, respec-
tively. The best-fit models provide physical properties
of re, n, apparent i-band magnitudes mi, galaxy posi-
tions, axis ratios q, and position angles. We search n in
the range of n = 0.7− 4.2 because n sometimes diverge
at n = 0 or n → ∞. We omit objects from the sam-
ples in cases where the SB profile is too complicated to
fit. We estimate the 16th, 50th, and 84th percentiles of
1 We include third single Se´rsic profiles in our models if prominent
sources in residual images affect fitting results.
the parameters by performing Monte-Carlo simulations.
We create 100 mock images by cutting out each EMPG
(and PAG) and embedding in nearby blank regions. We
also consider that an error of each pixel is normally dis-
tributed with a variance value supplied by the HSC-SSP
data release. Figure 2 presents examples of the SB pro-
file fitting. The size and n results are listed in Tables
1-3.
3.3. Stellar Mass Estimation
We estimate stellar masses with the spectral en-
ergy distribution (SED) interpretation code, beagle
(Chevallard & Charlot 2016). The beagle code calcu-
lates both the stellar continuum and the nebular emis-
sion using the stellar population synthesis code (Bruzual
& Charlot 2003) and the photoionization code of Gutkin
et al. (2016) that are computed with cloudy (Ferland
et al. 2013). We adopt the Charlot & Fall (2000) law
to the models for dust attenuation. In the SED fitting,
we use griz-band photometry provided by the HSC-SSP
S18A photometry catalog. Settings of the SED fitting
for the EMPGs are the same as Paper I. Because Pa-
per I reports that most of our EMPGs with spectra
show a small color excess of E(B − V ) ∼ 0, we also
assume no dust attenuation in the EMPGs. Assuming
the constant star-formation history, we run the bea-
gle code with 4 free parameters of the metallicity, the
maximum stellar age, the stellar mass, and the ioniza-
tion parameter in the range of Z = 0.006 − 0.3 Z,
log (Age/yr) = 4.0− 8.0, log (M∗/M) = 4.0− 9.0, and
log (U) = (−2.5) − (−0.5), respectively. An example
of the SED fitting is shown in Figure 3. We also con-
duct SED fitting for the PAGs, while parameter ranges
of the fitting are different from those for the EMPGs.
Assuming the constant star-formation history, we run
the beagle code with 5 free parameters of the metal-
licity, the maximum stellar age, the stellar mass, the
ionization parameter, and the dust attenuation in the
range of Z = 0.01 − 1 Z, log (Age/yr) = 8.0 − 12.0,
log (M∗/M) = 4.0 − 9.0, log (U) = (−5.0) − (−2.5),
and τV = 0 − 20, respectively. In this paper we focus
on only M∗, which is well determined because not only
do we have i-band data tracing low-mass evolved stars
(e.g., Stefanon et al. 2017), but M∗ is little affected by
other parameters such as the stellar age (Papovich et al.
2001). We find that 8 PAGs are missed in the HSC-SSP
photometry catalog probably because the 8 PAGs are
not only faint (∼ 20 mag) but also near their EMPG
(∼ 1 arcsec), while the other 15 (= 23−8) PAGs are in-
cluded. We first estimate stellar masses of the 15 PAGs
by the SED fitting described above. Then we obtain
a mass-luminosity (M∗ and absolute i-band luminosity
Morphology, Stellar Population, and Dynamics of EMPGs 7
Table 1. Properties of Paper I EMPGs
Name ID Redshift re n log (M∗) log(SFR)
pc M M yr−1
(1) (2) (3) (4) (5) (6) (7)
KS1-EMPG J2314+0154 0.03265 104+12−5 < 0.7 5.12± 0.01 −0.851± 0.001
KS2-EMPG J1631+4426 0.03125 137+9−7 1.08
+0.15
−0.13 5.76
+0.14
−0.19 −1.276± 0.002
KS3-EMPG J1142−0038 0.02035 219+189−13 2.79+1.41−0.39 4.77+0.01−0.01 −1.066± 0.002
KP1-EMPG J0912−0104 — 74.9+7.9−10.4 0.83+0.37−0.13 5.40+0.10−0.13 −1.82
KP2-EMPG J2321+0125 — 316+74−63 0.80
+0.43
−0.10 4.68
+0.22
−0.26 −2.14
KP3-EMPG J2355+0200 — 349+45−43 0.80
+0.14
−0.10 5.31
+0.01
−0.02 −2.12
KP4-EMPG J2236+0444 — 134+11−10 0.80
+0.28
−0.10 5.68
+0.06
−0.02 −1.78
KP5-EMPG J1411−0032 — 38.5+2.1−1.4 0.7+0.4−0.0 5.77+0.01−0.02 −1.39
KP6-EMPG J0834+0103 — 97.1+6.7−9.6 0.7
+0.6
−0.0 4.71
+0.03
−0.02 −1.79
KP7-EMPG J0226−0517 — 50.7+0.9−9.8 1.16+0.91−0.07 5.65+0.04−0.05 −1.41
KP8-EMPG J0156−0421 — 167+19−12 1.12+0.75−0.42 4.81+0.09−0.04 −1.69
KP9-EMPG J0935−0115 — 72.1+0.7−1.1 < 0.7 6.57± 0.05 −0.509
KP10-EMPG J0937−0040 — 133± 1 1.72+0.03−0.02 5.99± 0.01 −0.504
KP11-EMPG J1210−0103 — 494+190−106 1.59+0.69−0.38 4.86+0.08−0.07 −1.62
KP12-EMPG J0845+0131 — 102+5−6 1.72
+2.48
−0.34 5.19
+0.03
−0.09 −1.32
Note—(1): Name. (2): ID. (3): Spec-z. Typical uncertainties are ∆z ∼ 10−6 (Paper I). (4): Median effective radius with the
16th and 84th percentiles (Section 3.2). (5): Median Se´rsic index with the 16th and 84th percentiles. If we obtain n = 0.7 for
all of the mock images, we describe the situation as n < 0.7 (Section 3.2). (6): Median stellar mass with the 16th and 84th
percentiles (Section 3.3). (7): SFR (Section 3.4).
Mi) relation,
log(M∗/M) = −0.332Mi + 2.17, (2)
by the linear fitting to the stellar masses and i-band
luminosities of the 15 PAGs. For the 8 PAGs missed
in the HSC-SSP photometry catalog, we instead use i-
band magnitudes obtained by our SB profile fitting (Sec-
tion 3.2). Then, we apply the mass-luminosity relation
(Equation 2) to estimate stellar masses of the 8 PAGs.
The stellar mass results are listed in Tables 1-3.
3.4. SFR
We derive SFRs from Hα fluxes F (Hα). Regarding
Paper I spectroscopic EMPGs, we use dust-corrected Hα
fluxes obtained by spectroscopy in Paper I. Respecting
S16 spectroscopic EMPGs, we utilize Hα fluxes provided
by the SDSS DR16. On the other hand, we estimate
Hα fluxes of Paper I photometric EMPGs with riz-band
photometry. Paper I EMPGs show large r-band excesses
by r− i ∼ −0.8, which are mainly caused by the strong
Hα line (Section 2.2). Figure 4 describes how to esti-
mate the flux density (= flux per unit wavelength) of
the r-band continuum fr,cont. Because the observed iz-
band measurements, fi,tot and fz,tot, are less affected
by strong emission lines, we regard fi,tot and fz,tot as
tracers of the stellar continuum, where fi,tot and fz,tot
represent the observed i- and z-band magnitudes, re-
spectively. Estimating fr,cont by linear extrapolation
from fi,tot and fz,tot, we estimate F (Hα) using
F (Hα) = (fr,tot − fr,cont.)∆λr, (3)
where fr,tot and ∆λr represent the observed r-band
magnitudes and the width of the HSC r-band filter in
wavelength, respectively. We calculate F (Hα) of Paper
I spectroscopic EMPGs using Equation 3, and confirm
that the values of F (Hα) are consistent with those de-
rived from the spectra. We utilize the Kennicutt relation
(Kennicutt 1998) to derive SFRs:
SFR = 7.9× 10−42L(Hα), (4)
where SFR and L(Hα) are in units of M yr−1 and
erg s−1, respectively. We note that Kennicutt (1998)
adopt the power-law initial mass function (IMF) of
Salpeter (1955) to derive Equation 4. However, the top-
heavy Chabrier (2003) IMF is more appropriate than the
Salpeter IMF for young galaxies such as Paper I EMPGs
(Paper I). We divide SFR of Equation 4 by 1.8, which is
based on the Chabrier IMF (Madau & Dickinson 2014).
The SFR results are listed in Tables 1 and 2.
4. RESULTS
In Section 4.1, we report the morphological proper-
ties of the EMPGs and PAGs. In Sections 4.2 and 4.3,
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Table 2. Properties of S16 spectroscopic EMPGs
Name # in ID Redshift re n log (M∗) log(SFR)
S16 pc M M yr−1
(1) (2) (3) (4) (5) (6) (7) (8)
SS1-EMPG 110 J1217−0154 0.02047 1520+30−20 1.29± 0.03 7.47± 0.00 −1.959± 0.004
SS2-EMPG 148 J1419+0110 0.00814 80.8+0.5−1.9 < 0.7 6.27± 0.02 −2.210± 0.005
SS3-EMPG 152 J1427−0143 0.00602 343+10−11 1.38+0.03−0.04 5.93+0.01−0.03 −2.660± 0.004
SS4-EMPG 153 J1429+0107 0.02969 422+1−0 0.92± 0.00 7.72± 0.00 −0.975± 0.003
SS5-EMPG 158 J1444+4237 0.00213 37.7+8.1−6.4 4.2
+0.0
−0.5 4.77
+0.03
−0.01 −3.560± 0.003
SS6-EMPG 186 J2211+0048 0.06459 662+4−2 0.85± 0.02 7.73+0.00−0.01 −0.883± 0.003
SS7-EMPG 187 J2212+0108 0.21011 2650± 30 1.50+0.04−0.03 8.31+0.02−0.03 0.418± 0.005
SS8-EMPG 191 J2302+0049 0.03312 273± 1 1.38+0.05−0.02 7.21+0.01−0.03 −0.631± 0.004
SS9-EMPG 192 J2327−0051 0.02343 494+3−2 1.01± 0.01 7.47+0.00−0.02 −1.730± 0.005
SS10-EMPG 193 J2334+0029 0.02384 684+64−88 > 4.2 7.47
+0.03
−0.05 −1.461± 0.004
SS11-EMPG 194 J2335−0025 0.07672 1260+10−0 1.18+0.02−0.01 8.04+0.00−0.01 −0.595± 0.005
SS12-EMPG 195 J2340−0053 0.01883 176+2−4 < 0.7 7.14+0.00−0.01 −1.747± 0.005
Note—(1): Name. (2): Number appeared in S16. (3): ID. (4): Spec-z. Typical uncertainties are ∆z . 10−5. (5): Median
effective radius with the 16th and 84th percentiles (Section 3.2). (6): Median Se´rsic index with the 16th and 84th percentiles
(Section 3.2). (7): Median stellar mass with the 16th and 84th percentiles (Section 3.3). (8): SFR (Section 3.4).
we describe the relations among the properties. In Sec-
tion 4.2, we report the re–M∗ relation to compare the
EMPGs and PAGs to local galaxies and high-z low-mass
galaxies. In Section 4.3, we present the SFR–M∗ rela-
tion to show the star-forming activities of the EMPGs.
4.1. Size, Se´rsic Index, Stellar Mass, and SFR
Regarding ALL EMPGs, we obtain a median effective
radius of re = 176
+459
−100 pc, Se´rsic index of n = 1.08
+0.62
−0.38,
stellar mass of log(M∗/M) = 5.77+1.70−0.95, and SFR of
log(SFR/M yr−1) = −1.46+0.80−0.63 with the range of
±68% distributions, respectively. The small values of
re ∼ 200 pc and n ∼ 1 suggest that the EMPGs have
very compact disks. The median size of the EMPGs
is also comparable to the result of Sa´nchez Almeida
et al. (2015) (FWHM ∼ 200 pc; see Section 1). As
shown in Figure 5, the median M∗ of Paper I EMPGs is
∼ 2 dex smaller than that of S16 spectroscopic EMPGs,
which makes the EMPGs cover the wide M∗ range of
log(M∗/M) = 4.5 − 8.5 as expected in Section 2.4.
Paper I EMPGs have small M∗ comparable to those of
Galactic star clusters. All the results are listed in Tables
1 and 2.
On the other hand, we find that a median effective
radius, Se´rsic index, and stellar mass of the PAGs with
the range of ±68% distributions are re = 1.41+1.65−0.68 kpc,
n = 0.93+0.83−0.23, and log(M∗/M) = 7.47
+0.65
−1.08, respec-
tively (Table 3).
4.2. Size-Stellar Mass Relation
Figure 6 represents the distribution of re and M∗ of
the EMPGs and PAGs. We add the data of star-forming
galaxies (SFGs) at z ∼ 0 (gray) and z ∼ 6 (yellow). We
also plot re and M∗ of local dwarf galaxies. We make
Figure 7 to compare the distributions of the EMPGs
and PAGs to the z ∼ 0 and 6 SFGs (left) and the local
dwarf galaxies (right). As described in the left panel of
Figure 7, we find that most of the EMPGs, except for a
few (KP9 and SS2), fall on the re–M∗ relation of z ∼ 0
SFGs rather than z ∼ 6 SFGs. The EMPGs have the
re values larger than those of z ∼ 6 SFGs for a given
M∗. Compared to local dwarf galaxies as shown in the
right panel of Figure 7, some of the EMPGs have the
values of re and M∗ similar to those of dSphs and dIrrs.
The other EMPGs fall on the region between dSphs and
GCs.
As well as the EMPGs, the majority of the PAGs have
the re–M∗ relation similar to that of z ∼ 0 SFGs. We
also find that the PAGs are located on the distributions
of dSphs, dIrrs, and UDGs.
4.3. SFR-Stellar Mass Relation
In Section 4.2, we report that the EMPGs overlap the
distributions of z ∼ 0 SFGs on the re–M∗ plane (Figure
7 (Left)). Now we present the SFR–M∗ distribution of
the EMPGs to compare with those of z ∼ 0 and 6 main
sequences (MSs) (Shibuya et al. 2015). As shown in
Figure 8, the EMPGs fall on both the z ∼ 0 MS and the
extrapolation of z ∼ 6 MS. We confirm that KP9 (SS2)
is located above (around) the extrapolation of z ∼ 6
MS.
In Section 4.2, we also point out that some of the
EMPGs have re and M∗ comparable to those of dSphs
and dIrrs. Now we compare the EMPGs to dIrrs whose
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Figure 6. Distribution of re and M∗ of the EMPGs (red) and the PAGs (white). The EMPGs with spectra (and their PAG) are
represented as the double-edged circle. We add the data of SFGs at z ∼ 0 (gray; Shibuya et al. 2015) and z ∼ 6 (yellow; Shibuya
et al. 2015; Kikuchihara et al. 2019). We also plot re and M∗ of local dwarf galaxies such as ellipticals (E/S0; navy; Norris
et al. 2014), dwarf ellipticals (dE/dS0; dark green; Norris et al. 2014), globular clusters or ultra compact dwarfs (GC/UCD;
blue; Norris et al. 2014), dwarf irregulars (dIrr; purple; McConnachie 2012), dwarf spheroidals (dSph; light green; McConnachie
2012), and UDGs (cyan; Van Dokkum et al. 2015; Hashimoto et al. 2020). The two arrows at the right corner indicate how the
plots of Paper I EMPGs can change when the assumed z varies in the range of ∆z = ±0.005.
SFR and M∗ values are reported by Zhang et al. (2012).
As shown in Figure 8, the majority of the EMPGs, ex-
cept for a few, have sSFR values higher than those of
dIrrs. We note that star formation activities of dSphs
are already quenched (Weisz et al. 2014), i.e., SFR val-
ues of dSphs are too small to plot.
5. DISCUSSIONS
5.1. EMPG
In Section 4.2, we compare the EMPGs to several
types of galaxies in the re–M∗ space. In this section,
we discuss which type of galaxies can be a counterpart
of the EMPG based on the properties that we report in
Section 4.
5.1.1. Comparison with SFGs
In Section 1, we introduce the idea that EMPGs are
expected to be local analogs of high-z young galaxies.
However, in Section 4.2 we report that most of the
EMPGs have the re values larger than those of z ∼ 6
SFGs for a given M∗, which suggests that not every
EMPG is a local analog of high-z young galaxies. KP9
and SS2 are exceptions whose re, M∗ and SFR are simi-
lar to those of z ∼ 6 SFGs (Sections 4.2 and 4.3), which
suggest that these two EMPGs can be local analogs of
high-z young galaxies. However, it might be natural
that high-z young galaxies are generally more compact
than local galaxies. Considering that the slope of re–
M∗ relation of SFGs do not significantly evolve toward
high-z, Van Der Wel et al. (2014) conclude that the sizes
of SFGs are determined by the sizes of the host dark-
matter (DM) halos. This result suggests that high-z
SFGs should be more compact than local SFGs when
other parameters (e.g., M∗) are the same. Thus, re val-
ues of the EMPGs might inevitably be larger than those
of z ∼ 6 SFGs if the EMPGs are local analogs of high-z
young galaxies in reality. However, there is no evidence
that we can adopt the trend that re values decrease to-
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Figure 7. Same as Figure 6, but we limit the data. (Left) The EMPGs and PAGs with z ∼ 0 and 6 SFGs. (Right) The EMPGs
and PAGs with local dwarf galaxies.
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Figure 8. Distribution of SFR and M∗ of the EMPGs. The
symbols are the same as in Figure 6. The distribution of the
gray filled circles describe the low-mass regime of the z ∼ 0
star-formation main sequence (MS). We add a 5 < z < 6
MS of Santini et al. (2017) represented as the yellow solid
line. We extrapolate the MS of Santini et al. (2017) to the
low-mass regime of log(M∗/M) < 108, which is shown as
the yellow dashed line.
ward high redshifts for galaxies in the low-mass regime of
log(M∗/M) . 7. This problem will be solved by either
surveys for high-z low-mass galaxies or high-resolution
cosmological zoom-in simulations of low-mass galaxies.
On the other hand, we find that most of the EMPGs
have the re–M∗ relation similar to those of z ∼ 0 SFGs
(Section 4.2). We also find that some of the EMPGs
fall on the z ∼ 0 MS (Section 4.3). However, some of
the other EMPGs show SFRs significantly higher than
the z ∼ 0 MS, which means that not every EMPG is a
typical SFG at z ∼ 0.
5.1.2. Comparison with local dwarf galaxies
The right panel of Figure 7 shows that some of the
EMPGs have values of re and M∗ similar to those of
dSphs and dIrrs. As we mention in Section 4.3, dSphs
are totally different from the EMPGs in terms of star-
formation activities. Although dIrrs show ongoing star
formation, in contrast to dSphs, the majority of the
EMPGs have sSFR values higher than those of dIrrs
(Figure 8). In Figure 7, we also show that some of the
EMPGs are located near GCs. However, GCs not only
have already stopped star-formation activities, but also
show Se´rsic indices of n ∼ 4 (Ma 2015) higher than most
of the EMPGs (n ∼ 1; Section 4.1).
We conclude that we cannot find a counterpart satis-
fying all the properties of the EMPGs, which suggests
that the EMPGs represent a new population of galaxies.
5.2. PAG
In Sections 4.2, we find that many of the PAGs fall
around the re–M∗ relation of dSphs, dIrrs, and UDGs.
We can exclude dSphs from a counterpart candidate
of the PAGs because most of dSphs are located near
the host galaxies (within a virial radius; McConnachie
2012), while the PAGs are located in an isolated environ-
ment (more isolated than typical local galaxies; Paper
I). In contrast, dIrrs are relatively apart from the host
galaxies (McConnachie 2012). UDGs are classified into
two groups: those in galaxy clusters (Van Dokkum et al.
2015) and those in blank fields (field UDGs; Prole et al.
2019a). Thus, the PAGs may be in environments sim-
ilar to those of field UDGs. A number of field UDGs
reported by Prole et al. (2019a) (especially the UDG in
the middle left panel of Figure 9) have blue star-forming
clumps or galaxies, which are also similar to the PAGs.
Additionally, typical UDGs have n < 1.5 (Prole et al.
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Table 3. Properties of the PAGs
Name re n log (M∗)
kpc M
(1) (2) (3) (4)
KS1-PAG 3.37+0.34−0.29 2.51
+0.18
−0.15 7.47
+0.04
−0.03
KS2-PAG 0.805+0.063−0.054 < 0.7 6.94
+0.45
−0.34
KS3-PAG 3.99+1.67−0.64 1.93
+0.37
−0.16 8.01± 0.08
KP2-PAG 0.403+0.019−0.013 < 0.7 6.34
+0.39
−0.35
KP3-PAG 0.591+0.087−0.038 < 0.7 6.16
+0.32
−0.29
KP5-PAG 2.20± 0.04 0.93± 0.02 7.82± 0.04
KP6-PAG 1.66+0.06−0.02 0.97
+0.05
−0.02 8.23± 0.08
KP7-PAG 1.57+0.01−0.02 0.79
+0.04
−0.03 7.70
+0.08
−0.10
KP9-PAG 1.03+0.09−0.06 0.95
+0.12
−0.08 6.95
+0.21
−0.19
KP10-PAG 1.37+0.01−0.00 < 0.7 7.99
+0.09
−0.15
KP11-PAG 1.08+0.15−0.09 0.7
+0.1
−0.0 6.35
+0.29
−0.26
KP12-PAG 0.853+0.378−0.096 0.89
+0.34
−0.19 6.42
+0.29
−0.25
SS2-PAG 6.66+0.09−0.53 2.10
+0.03
−0.07 7.33
+0.13
−0.15
SS3-PAG 0.822+0.026−0.028 1.55
+0.04
−0.03 6.16
+0.11
−0.09
SS4-PAG 2.77+0.02−0.03 1.60± 0.02 8.82+0.07−0.11
SS5-PAG 1.84+0.11−0.21 < 0.7 7.32
+0.16
−0.15
SS6-PAG 1.64+0.03−0.02 1.43
+0.03
−0.02 7.80
+0.10
−0.07
SS7-PAG 1.90+0.26−0.18 4.2
+0.0
−0.2 8.33± 0.08
SS8-PAG 0.321± 0.002 0.89+0.03−0.01 7.12+0.16−0.18
SS9-PAG 1.31+0.03−0.01 1.22
+0.03
−0.02 7.78± 0.10
SS10-PAG 1.41+0.04−0.00 1.02
+0.04
−0.01 7.82± 0.10
SS11-PAG 4.23± 0.02 < 0.7 8.75+0.02−0.04
SS12-PAG 0.645+0.008−0.007 0.77± 0.01 7.42+0.15−0.14
Note—(1): Name. (2): Median effective radius with the
16th and 84th percentiles (Section 3.2). (3): Absolute
i-band magnitude (Section 3.2). Typical uncertainties are
< 0.1 mag. (4): Median Se´rsic index with the 16th and
84th percentiles (Section 3.2). (5): Median stellar mass
with the 16th and 84th percentiles (Section 3.3).
2019a), which are also supported by the result of zoom-
in cosmological simulations (Di Cintio et al. 2017).
5.3. Dynamical Relation between EMPG and PAG
In this section, we discuss dynamical relations between
the EMPGs and PAGs. So far, KS1-PAG is the only
PAG whose spectrum is available, which allows us to
evaluate whether KS1-EMPG is dynamically related to
KS1-PAG. MPG (see Section 2.2) also has a PAG (here-
after MPG-PAG) whose spectrum is available. Figure
10 (Figure 11) presents spectra of KS1-EMPG (MPG)
and KS1-PAG (MPG-PAG). We measure central wave-
lengths of Hα emission lines by the Gaussian profile
fitting. We obtain median wavelength differences with
the 16th and 84th percentiles of ∆λ = 2.10+0.04−0.02 and
0.24 ± 0.03 A˚ for KS1-EMPG and MPG, respectively.
Figure 9. HSC gri-composite images of the PAGs (top
row), field UDGs (middle row; Prole et al. 2019a), and LS-
BGs (bottom row; Hashimoto et al. 2020; Greco et al. 2018).
Coordinates of the field UDGs (Prole et al. 2019a) are pro-
vided by D. Prole (in private communication).
The wavelength differences correspond to median rel-
ative velocities with the 16th and 84th percentiles of
∆V = 96.1+1.8−1.0 and 10.7
+1.3
−1.2 km s
−1, respectively. Using
best-fit coordinates of KS1-EMPG and KS1-PAG ob-
tained by the SB Se´rsic profile fitting (Section 3.2), the
projected radial distance rp between KS1-EMPG and
KS1-PAG is 9.84 kpc. Similarly, the value of rp between
MPG and MPG-PAG is 2.40 kpc. For both KS1-EMPG
and MPG, errors of the rp are smaller than 0.01 kpc.
Because ∆V and rp are smaller than 100 km s
−1 and 10
kpc, respectively, KS1-EMPG (MPG) may be dynami-
cally related to KS1-PAG (MPG-PAG).
In figure 12, we plot ∆V and rp of KS1-EMPG (top)
and MPG (bottom). Here we investigate whether KS1-
EMPG (MPG) is the structure on the dynamical system
of KS1-PAG (MPG-PAG). In Section 4.1, we identify
that the PAGs have low Se´rsic indices of n ∼ 1 that
is indicative of disk galaxies. Moreover, the images of
KS1-PAG and MPG-PAG show internal structures sim-
ilar to spiral arms on disk galaxies (Figures 10 and 11).
These morphological properties indicate KS1-PAG and
MPG-PAG are probably disk galaxies that are dynami-
cally supported by rotational motions. We thus estimate
rotation curves of the PAGs.
Below, we draw rotation curves of KS1-PAG and
MPG-PAG and discuss how KS1-EMPG and MPG
are dynamically associated with KS1-PAG and MPG-
PAG, respectively. Because rp of KS1-EMPG (MPG)
is larger than re of KS1-PAG (MPG-PAG), dynamics
around KS1-EMPG (MPG) is dominated by the dark-
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Figure 10. One-dimensional spectra of KS1-EMPG and KS1-PAG (top right), the gri-composite image of KS1-EMPG and
KS1-PAG (bottom left), and two-dimensional spectra of KS1-EMPG and KS1-PAG (bottom right). The spectra was taken by
LDSS-3. The slit width is 0.75 arcsec.
matter (DM) halo of KS1-PAG (MPG-PAG). We as-
sume the density profile of the DM halo of the PAG as a
Navarro-Frenk-White (hereafter, NFW) profile derived
with CDM models (Navarro et al. 1996). The circular
velocity of the NFW halo Vc(r) can be calculated by
(
Vc(r)
V200
)2
=
1
r/r200
ln[1 + C(r/r200)]− C(r/r200)1+C(r/r200)
ln(1 + C)− C1+C
,
(5)
where V200, r, and r200 represent the virial velocity, the
radius, and the virial radius, respectively. The parame-
ter C describes the concentration, which is roughly cor-
related with the surface brightness (Navarro 1998). We
assume C = 5 for galaxies with low surface brightnesses
(Navarro 1998). The values of V200 and r200 in units of
km s−1 and kpc are described with
V200 =
(
M200
2.33× 105 M
)1/3
(6)
and
r200 =
GM200
V 2200
, (7)
respectively. Here M200 is the DM halo mass. We obtain
the relations between M∗ and M200 assuming the stellar-
to-halo mass relations for low-mass galaxies (Brook et al.
2014)
M∗ =
(
M200
79.6× 106 M
)3.1
(8)
that is applicable for UDGs and LSBGs (Prole et al.
2019b). The virial velocity and the virial radius of
KS1-PAG (MPG-PAG) are estimated to be V200 = 51.8
(45.7 km s−1) and r200 = 51.9 (45.7 kpc), respectively.
Comparing the rp values between KS1-EMPG (MPG)
and KS1-PAG (MPG-PAG), we find that KS1-EMPG
(MPG) is located within the virial radius of KS1-PAG
(MPG-PAG). Then we estimate the inclinations i of the
PAGs using the relation of
cos2i =
q2 − q20
1− q20
, (9)
where q and q0 are the axis ratios of the PAG with arbi-
trary i and i = 90◦, respectively. We adopt q0 = 0.3 that
is applicable for disk galaxies (Fouque et al. 1990). KS1-
PAG and MPG-PAG have q of 0.74 and 0.90, respec-
tively. Substituting q in Equation 9, we obtain i = 45◦
and i = 27◦, respectively.
Using Equations 5 and 9, we calculate the rotation
curve along the line of sight ∆V (r) = Vc(r) sin i from
M∗. The black curves in Figure 12 show the rotation
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Figure 11. Same as Figure 10, but for MPG (see Section 2.2). Unlike KS1-EMPG, MPG is located at almost the same redshift
as MPG-PAG.
curves of KS1-PAG and MPG-PAG. The gray curves in-
dicate the maximum velocity cases corresponding to the
edge-on (i = 90◦) cases of KS1-PAG and MPG-PAG.
We find that ∆V between KS1-EMPG and KS1-PAG
is significantly higher than ∆V expected by the rota-
tion curve even in the maximum velocity case. This
result shows that KS1-EMPG is not associated with
the structure on the dynamical system of KS1-PAG.
The bottom left panel of Figure 10 indicates that KS1-
EMPG is located at the end of the filamental structure.
The filamentary structure of KS1-EMPG resembles the
accreting-gas structure shown in Figure 1 of Tumlin-
son et al. (2017)2, implying that KS1-EMPG may be
a star-forming galaxy formed in metal-poor gas falling
into KS1-PAG from the inter-galactic medium (IGM).
For MPG, ∆V between MPG and MPG-PAG is compa-
rable to ∆V expected by the rotation curve. Although
there is a possibility that MPG is infalling into MPG-
PAG, MPG is likely to be associated with the dynam-
ical structures of MPG-PAG. The dynamical relations
of these EMPG-PAG (MPG-PAG) systems suggest that
the EMPGs may form in infalling gas, and become part
of PAG disks undergoing further metal enrichment. We
need further spatial spectroscopic observations for the
EMPGs to verify this hypothesis.
2 Because the figure of Tumlinson et al. (2017) is a schematic paint-
ing, we note that some of expressions are exaggerated such as
outflows.
5.4. Surface Brightness Differences between EMPGs
and PAGs
In Section 5.3, we discuss the dynamical relation
between KS1-EMPG and KS1-PAG. In this section,
we investigate SB differences between the EMPGs and
PAGs. We derive i-band SBs of the EMPGs, ΣEMPG,
normalized by those of the PAGs, ΣPAG. The ratio
log(ΣEMPG/ΣPAG) can be calculated by
log(ΣEMPG/ΣPAG) = −0.4(µ¯e, EMPG − µ¯e, PAG), (10)
where
µ¯e, EMPG =mi, EMPG + 2.5 log(2pir
2
e, EMPG),
µ¯e, PAG =mi, PAG + 2.5 log(2pir
2
e, PAG). (11)
In the same manner as KS1-EMPG (Section 5.3), rp
between each EMPG-PAG system is derived from the
best-fit coordinates obtained by the SB Se´rsic profile
fitting (Section 3.2).
Figure 13 presents the distribution of ΣEMPG/ΣPAG
and rp/re PAG. We find that KS1-EMPG has
ΣEMPG/ΣPAG approximately 100 times larger than ex-
pected from the profile of the typical PAG with the me-
dian n of 0.93 (Section 3.2). As shown in Section 5.3,
KS1-EMPG is not possibly associated with the structure
on the dynamical system of KS1-PAG. Like KS1-EMPG,
we also identify other 9 EMPGs whose ΣEMPG/ΣPAG
about 2 dex larger than expected from the profile of the
typical PAG. These significant excesses may imply that
14 Isobe et al.
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Figure 12. Relation between ∆V and rp of KS1-EMPG
(top) and the MPG (bottom). The black circles indicate the
observed ∆V and rp of KS1-EMPG and MPG. The black
solid lines show the estimated rotation curves of the PAGs.
The gray solid lines represent the maximum ∆V that the
PAGs can produce, corresponding the case if the PAGs are
edge on. The vertical dotted lines are the re values of the
PAGs.
the 9 EMPGs are not on the dynamical system of their
PAG as well as KS1-EMPG. However, the fact remains
that we need follow-up spectroscopy to understand the
dynamics of the EMPGs.
If the EMPGs are star-forming regions of their PAG,
we can compare with z ∼ 1 − 2 star-forming clumps.
Wuyts et al. (2012) report distributions of the SB at
each group pixel and the distance similar to Figure 13,
and show that star-forming clumps have Σ significantly
larger than that of the component of their host galaxy.
In this sense, many of the EMPGs resemble z ∼ 1 − 2
star-forming clumps. We note that Wuyts et al. (2012)
investigate galaxies with log(M∗/M) > 10 more mas-
sive than the PAGs whose median M∗ is log(M∗/M) =
7.47 (Section 4.1). The difference of M∗ possibly result
-1
-0.5
 0
 0.5
 1
 1.5
 2
 2.5
-1 -0.5  0  0.5  1-1 10
2
1
0
-1 𝐥𝐨𝐠 ⁄𝒓𝐩 𝒓𝐞,𝐏𝐀𝐆𝐥𝐨𝐠
⁄ 𝚺 𝐄𝐌𝐏𝐆
𝚺 𝐏𝐀𝐆
-1
-0.5
 0
 0.5
 1
 1.5
 2
 2.5
-1 -0.5  0  0.5  1
-1
-
0
0
1
1
 2
 2.5
-1 -0.5  0  0.5  1
ßKS1
×10 ×100 2
1
0
-1 𝐥𝐨𝐠
⁄
𝑰𝒓 𝐩,𝒏
𝑰 𝐞
Figure 13. Distribution of ΣEMPG and rp normalized by
ΣPAG and re, PAG, respectively. The black solid curve with
the gray shaded region indicates the Se´rsic profiles I(rp, n)
normalized by Ie with the median, minimum and maximum
n of the PAGs (= 0.93, 0.7, and 4.2, respectively; Section
4.1). The dashed and dotted curves represent SBs 10 and
100 times larger than those of the normalized Se´rsic profile
with n = 0.93, respectively.
in the difference of galaxy/clump formation processes
between the EMPGs and z ∼ 1−2 star-forming clumps.
6. SUMMARY
We present the morphology and stellar population of
27 EMPGs. We conduct multi-component SB profile
fitting for the HSC i-band images of the EMPGs with
the Galfit software, carefully removing the SB contri-
butions of PAGs. The major results of our study are
summarized below.
1. The EMPGs have a median Se´rsic index of n =
1.08 and a median effective radius of re = 176
pc, suggesting that typical EMPGs have very com-
pact disks. We estimate a median stellar mass of
the EMPGs to be a small value of log(M∗/M) =
5.77.
2. We compare our galaxies with z ∼ 6 galaxies and
local galaxies on the size-mass (re–M∗) diagram.
The majority of our galaxies obey a re–M∗ relation
similar to z ∼ 0 star-forming galaxies rather than
z ∼ 6 galaxies. Most low-z EMPGs do not seem
to be analogs of z ∼ 6 galaxies.
3. Twenty-three out of the 27 EMPGs show de-
tectable PAGs within a projected distance of 10
kpc. The PAGs have median values of n = 0.93,
re = 1.41 kpc, and log(M∗/M) = 7.47 that are
similar to those of local dIrrs and UDGs.
4. Spectra of one EMPG-PAG system, so far avail-
able, indicate that the PAG is dynamically related
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to the EMPG with a median velocity difference of
∆V = 96.1 km s−1. This moderately-large ∆V
cannot be explained by the dynamics of the PAG,
but is likely due to infall on the PAG. We ana-
lyze one metal-poor galaxy (MPG) with a PAG in
the same manner as the EMPG-PAG system, and
suggest that the MPG resides in the PAG. EMPGs
may form in infalling gas, and become part of PAG
disks via a metallicity growth.
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